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Abstract: Optimizing the magnetic coupling of two coils of a dynamic wireless charging power sup-
ply for electric vehicles (EVs) is a challenging and crucial task. This article examines three situations
of the magnetic coupling between two identical rectangular spiral coils with the same number of
turns as a function of both the horizontal (X axis) and vertical (Z axis) alignment. In the first one, the
analysis of the magnetic coupling between two copper air coils is presented. However, the obtained
coupling coefficient was very low with a high leakage flux which affected the performance of the
charging system. In the second case, a straightforward shielding method that involves inserting a
magnetic material of the ferrite type is proposed to circumvent the aforementioned problems. Un-
fortunately, the obtained results show that simple shielding is still only a partial and insufficient
solution. In the third situation, an aluminum sheet was consequently placed on the top of the ferrite
to provide an adequate shielding structure. Additionally, a 3D analysis of the proper and mutual
induction parameters separating the two coils as well as a magnetic field or induction distribution
is also performed using the ANSYS Maxwell software. The results highlight the significance of the
enhanced structure.

Keywords: Wireless Power Transmission (WPT); Rectangular Spiral; Magnetic Analysis; ANSYS
Maxwel; Magnetic Shielding

1. Introduction
The electric vehicle using batteries is a viable solution over traditional transportation
because it offers a variety of advantages such as: a clean environment, reduced costs and
no congestion charges...etc. However, the restricted capacity for recharging, the high cost,
and the short lifespan of the batteries are the main challenges with the aforementioned

solution.

Currently, there are two main battery charging methods. The first involves the use
of a cable while the second is a current research area and is based on a power Pad supply

which is known as wireless power transfer (WPT) [1-2].
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The Power Pad is made up of two separate coils, one transmitting and the other re-
ceiving. Its operating mechanism is based on the electromagnetic induction theory of en-
ergy transmission, in which the magnetic field produced by the first coil on the ground
generates a voltage and an electric current between the terminals of the second coil on the
vehicle's chassis [3].

Generally, wireless battery charging for EVs can be performed in static or dynamic
way. The prime is provided when the car is stationed and the coils are aligned in a parallel
position. The second one is produced when the vehicle is moving along the road of the
charging coils.

Despite the fact that wireless dynamic charging was more frequently used in a vari-
ety of industrial and biomedical fields [4-9] and does not require human presence, there
are still some drawbacks to be mentioned. For instance, the coupling decreases, the charg-
ing time increases, and the human is not covered from the risks of the magnetic field if
there is a considerable distance between the two charging coils.

Consequently, this subject has extremely attracted the attention of researchers and
the university of Auckland researchers have made the most significant contributions.

Many magnetic couplers have been proposed to improve the coupling between the
charging coils and the efficiency of the Power Pad. However, several studies' percentage
efficiencies, particularly for inductive power transfer (IPT), remain below 90% [10-14].
Additionally, the misalignment problem when the vehicle is moving also affected the
charging process. Efficiency is reduced when there is a significant misalignment be-
tween the two coils. According to [15-17], the authors are mentioned that the coupling
coefficient is decreased from 1.6 to 0.2 with a 20% misalignment unlike in the opposite
case.

In addition, various solutions are examined and tested to improve the efficiency of
these chargers as they can cause some problems, especially when operating at high fre-
quencies. Which can cause some electromagnetic interference. EMF leakage occurs when
a proportion of the EMF is emitted around the WPT system during power transfer from
the secondary to the primary coil. Electromagnetic loss has an effect on more than just
equipment and parts adjacent to the WPT system. It also endangers human health and
safety by producing current and heat within the human body, which may irritate muscles
and nerve cells and tissues [18-21]. In addition, as stated in [22], the issue of charging
speed necessitates a rise in the capacity of EV-WPT systems, which causes higher EMF
leakage, as well as the necessity to certify that WPT systems comply with global security
criteria [23][24]. The assessment of WPT system exposure in recharge mode and with re-
lation to the influence of body matter have both been the subject of numerous studies [25—
27]. The influence of human attitude and related attitudes toward WPT data has been the
main focus of the most recent reference. Specifically, the magnetic field produced by a
fixed 85 kHz medium frequency (IF) WPT system that is used to charge the FIAT 500
compact car battery [27].
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Currently, several investigations on electromagnetic shielding techniques to reduce
the emission of electromagnetic fields from WPT systems have currently been conducted
in the past few years. Magnetic coupler shielding is generally constructed in one of two
configurations: single or double ferrite in the first, but ferrite and an aluminum plate in
the second [28-31].

Likewise, the self- and mutual inductance parameters, which make up the coils and
offer qualities like the coupling coefficient, are important factors in the magnetic analysis
of the coil structures that make up the power pad. However, novel spiral rectangular cou-
pling and other geometries have been integrated into the transformer design to enhance
power transfer efficiency, rendering parameter calculations more complex. Luckily, the
use of finite element analysis may be able to overcome these limitations.

For many applications involving electromechanical systems, Ansys Maxwell solves
static, frequency, and time-varying electric or EM fields and provides specific design in-
terfaces. Especially in the fields of static and time-varying magnetic and electrical analysis
by checking the output data with the help of mathematical expression. Also, the coupling
coefficient and mutual induction that can be calculated by the electric vehicle during the
wireless charging process are also calculated [32].

In this paper, the design of the power pad based on rectangular spiral-shaped for EV
charging capacity is investigated according to the distance between two identical rectan-
gular spiral coils with the same number of turns as a function of both the horizontal (X
axis) and vertical (Z axis) alignment. The analysis of the magnetic parameters, such as the
proper inductance and the mutual separating the two air copper coils of the power supply,
as well as the magnetic field or the 3D inductance distribution, is first provided. However,
the obtained coupling coefficient is not satisfied and the leakage flux is important. Then,
in order to reduce leakage flux, enhance coupling coefficient, and develop a better power
system during dynamic charging, the single shielding based on the addition of ferrite and
double shielding based on the addition of aluminum processes are employed. Also, the
proper and mutual induction parameters separating the transmitter and the receiver as
well as a distribution of the magnetic field or induction are analyzed in 3D using ANSYS
Maxwell de software in order to predict an adequate shielding structure.

Thus, this article proposes to review the technologies involved in a WPT charger for
electric vehicles, in addition to demonstrating a methodology for its design and optimiza-
tion. In section 2, a description of a WPT charging system for electric vehicles is provided.
In section 3, a 3D representation of spiral coils is given. In section 4 and 5 the results ac-
quired during the development of the power system are discussed. Finally, the conclusion

is then delivered.

2. Description of WPT system
The system consists of two coils, one transmitting and the other receiving, which will
serve as the transformer's primary and secondary windings (Figure 1). The transmitting

coil is supplied by an inverter. The DC voltage of the input inverter is provided by a rec-
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tifier connected to the grid. Once an AC current is generated in the reception coil (accord-
ing to Lenz Faraday's law), a rectifier is used to charge the battery. The phenomenon of

resonance is exploited in order to have a better transfer of energy. [2].

Figure 1. Typical WPT charging system for EVs.

Capacitors are also employed to compensate the enormous positive reactive powers
produced by the leakage inductances on both sides of the coils, which enhances the effi-
ciency and performance of power transmission. Thus, they can be placed in either series

or parallel to the coupler's windings, providing the four topologies depicted in figure 2.
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Figure 2. Different topologies of the resonant inductive coupling system: (a) series - parallel, (b)
series - series, (c) parallel - series, (d) parallel - parallel.
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The WPT system is considered as a single-phase transformer, shown by the equiva-

lent circuit in Figure 3 and the following equations (1) and (2):

Figure 3. The magnetic circular coupler and its analogous circuit

diy | dip o
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These equations can be rewritten using the complex formulation as follows:
vV, =—n -1 + jwhi; + jwMi, 3

Vo =—T1y -i2 + jwMi1 + ij2i2 4)
Where:
v1, v2: The voltages of the primary and secondary coils
i1, i2: The primary and secondary currents
rl, r2: the resistance of the primary and secondary coils.
L1, L2: the self-inductance of the primary and secondary coils.

M: the mutual inductance between the primary and secondary coils.

3. Description of spiral coils in 3D

The transmitting and receiving coils have been modelled based on 3D presentation
using ANSYS Maxwell software. The two coils are formed based on a copper wire with a
plan spiral form as shown in Figure 4. The distance between two adjacent wires in each
coil, is taken equal to 50 mm. On the other side, a rectangular plate is placed between the

transmitter and the receiver coils in the main goal to ensure the capture of the magnetic
field.

Copper covers a Size of five hundred millimeter and a width of one millimeter were

applied. The simulations would take place fully in the air and would comprise 1000-
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square- millimeter areas. Figure 4 depicts design of the rectangular spiral coils without

ferrite coil.

Figure 5. Design of the rectangular spiral coils without ferrite

Table 1 includes information about the coil's properties. Then, tables 2 and 3, respec-
tively, provide information on the characteristics of the rectangular plate and the air re-

gion.

Table 1. The coil's properties.

Name Transmitter Coil Receiver Coil
Number of Turn 10 10
Width of the spiral coil 3 mm 3 mm
Thickness of the spiral coil 0,0762 mm 0,0762 mm
Distance between turns 6mm 6mm

Table 2. Rectangular plate properties

Command Coordinate system Position Axis Y size Zsize
Rectangle global 50,0.70 Z -70mm -70mm

Table 3. The Air Region Properties

Name Value Unit Evaluated Value
Command Created Box
Coordinate system Global
Position -500, -500 ,-500 mm -500mum, -500mum, -

500mm

Xsize 1000 mm 1000mm

Ysize 1000 mm 1000mm

Wsize 1000 mm 1000mm

4. Simulation Results
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As mentioned in reference [9], the authors limited their study for vertical misalign-
ment. In order to carry out a thorough investigation and minimize the exploitation, the
two cases of vertical and horizontal misalignment are examined in this study. The AN-
SYS Maxwell tool is used to perform a three-dimensional simulation and analysis of a
spiral rectangular coil transformer. As a preliminary step, the WPT model which has
considered previously is examined without ferrite in order to provide the influence of

this one on the quality and the quantity of transmitted energy as shown in figure 6.

0 45 90 (mm)

Figure 5. Design of the rectangular spiral coils without ferrite

4.1. Vertical Misalignment

The calculation of the proper and mutual inductances is obtained with the variation
of the vertical distances (d) separating the two coils of the model. Figure 6 illustrates the
relationship between mutual inductance and distance, showing that the mutual induct-
ance is inversely proportional to the distance between the two coils, representing the
amount of energy transmitted. As a result, as the distance between the coils is increased,

less energy has been sent to the receiver.
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Figure 6. (a) Coupling coefficient; (b) Mutual inductance, under variation of vertical misalignment d=50mm up to 250mm.
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The magnetic permeability of the medium in the study model without ferrite (in air)
is ur=1. From figures 7 and 8, it is clearly noticeable that the self-inductances of the trans-

mitting and receiving coils are fairly constant despite the variation in vertical distance.

Then, the coupling coefficient K — M s varied linearly according to the mutual in-
\ leL
2
ductance because L1 of the transmitter and L2 of the receiver are almost fixed equal to

6.3uH.
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Figure 7. Self-inductances of the rectangular spiral coils without ferrite
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Figure 8. Values the coupling coefficient according to Mutual inductance

In the absence of a saturation phenomenon, designers can apply the linear hypoth-
esis (B=p.H) to the magnetic induction at any point in the coil's environment (as well as
the flux). Under these conditions, the magnetic induction (as well as the flux) is propor-
tional to the current passing through it. The inductance of the winding is constant because

the magnetic circuit cannot be deformed as can be seen in figure 9.
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Figure 9. Values the coupling coefficient according to Mutual inductance

The self-inductance can be calculated using analytical formulas. The fundamental

dimensional variables of a spiral are N, w, s, dxi and dxo as depicted in figure 10.

Figure 10. Schematic of the rectengular coil

Where,

N: is the number of turns,

w: is the cross-sectional width,

s: is the spacing between successive turns,

dxi and dxo: are the spiral inner side length and spiral outer side length respectively.

The outer side length dxo is derived from the other geometrical parameters.

dx, =dx +2x[Nxw+ (N -1)xs] (6)
For a planar spiral square coil, the self-inductance can be calculated as follows [33]:
N i x dav
L=234x pyx——9— 7
1+2,75x¢

Where
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dx, + dx;
Aoy = 25— ®)
_dx, —dx;
¢= dx, + dx; ®)

Based on equation (7), the value of self-inductance of the two coils L1 and L2, is 5uH.

The estimated and simulated self-inductance are presented in table 4.

Table 4. The estimated and simulated self-inductance

Inductances Simulated value Calculated value
Inductance L1 L2 (uH) 6,3 5

Magnetic permeability is simply the material's ability to form an internal magnetic

field within itself under the influence of an external magnetic field. The higher a material's
magnetic permeability, the more effectively is likely to channel magnetic field lines. Fig-
ures 11 and 12 show that the magnetic permeability is low in the case of air or vacuum,
which results in the non-canalization of the magnetic vector potential field lines, which

requires an adequate shielding.
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Figure 11. Magnitude of the magnetic field with d=50mm
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Figure 12. Magnetic field with the field lines separated by 50mm along the ZY axis Plane

4.2. Horizontal misalignment
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This section examines the relationship between the coupling coefficient and the hor-
izontal separation distances that range from -40 mm to 40 mm with a step of 10 mm. As
well as the relationship between the mutual inductance and the same distances as shown

in figure 13.

"eeesssscnssssssssnsp Displacement Along the
X axis X (-40,40) mm
(50% Displacement)

=

Figure 13. Displacement with misalignment along the X axis

The obtained results demonstrate that tests with horizontal alignment produced
parabolic-shaped changes in the coupling coefficient and mutual induction. Both the mu-
tual inductance and the coupling coefficient are decreased as the misalignment is in-
creased. When the misalignment is zero and the two coils are in phase (X=0 mm), the cou-
pling coefficient and mutual inductance also achieve their maximum values. As results,
the magnetic coefficients are more effective when the two coils are closely together, as

shown in Tables 5 and 6 and figure 14.
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Figure 14. Coupling coefficient (a)and Mutual inductance (b) variation of Horizontal misalignment
d=- 40mm up to 40mm.

Table 5. Inductor Values obtained from horizontal separation
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Z space [mm] Mutual inductance [nH]
1 -40 692.976
2 -30 819.490
3 -20 922.116
4 -10 989.814
5 0 1013.691
6 10 991.027
7 20 924.681
8 30 822.780
9 40 696.879

Table 6. Coupling Coefficient Values obtained from horizontal separation

Z space [mm] Coupling Coefficient
1 -40 0.109618
2 -30 0.129554
3 -20 0.145936
4 -10 0.156849
5 0 0.160521
6 10 0.156756
7 20 0.146528
8 30 0.130157
9 40 0.110225

5. Design of a Magnetic Coupler Shielding Structure
The magnetic coupler leads to the increase of the magnetic field lines in the active
region and the decrease of the magnetic field lines in the inactive region in the energy

transfer zone. The two available shielding modes are shown in figure 15.

Shielding Magnetic Coupling Shielding

1
1
1
D_’ Rectifie[ ™ | | —> >
Power rand 1 Rectifir
1
Grid AC | Inverter | and
o— > Circult ) 1 ! Filter L
: : ’ Circuit »
1 Field '
. o ______ a : Load
Reactive Reactive
Power Power
Compensation Compensation
network network

Figure 15. The inductively coupled (WPT) system [18]

5.1 Model With Single Shield In Ferrite Core

Typically, the design of a magnetic coupler should be considered after determining
the necessary mutual inductance. According to the literature, the ferrite core can enhance
magnetic shielding and mutual inductance for a proper design of the magnetic coupler,

particularly when there is a significant air gap as depicted in figure 16. In this first part of
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study, a magnetic coupler with and without ferrite cores is simulated using Ansoft Max-

well.

Transparent rectangular
plate

Ferrite

Figure 16. Magnetic coupler with a single shield

According to figures 17 and 18, the mutual inductance is reduced when the air gap
between the two coils is increased which provides information on the amount of energy
transmitted, i.e., a lower transferred energy results from a greater distance between the

two coils.
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Figure 17. Mutual inductance (a) and coupling coefficient (b) with ferrite with variation of d

=50mm up to 250mm.
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Figures 19 and 20 show that the values of the self-inductances have increased con-
siderably which is due to the addition of ferrite that has a high magnetic permeability
Ur=1000. Nevertheless, the variation of the self-inductances is important for the small air

gap because the ferrite strongly contributes to the distribution of the magnetic field.

BLtes1al
. 9z3@e-D@aY4
. 2175e-DBaY4
. 6823e-08Y4
. 276Ze-DB0Y
. B817e-88a5
. 3448e-DAS
. 5719e-885
. 22780e-085
. 2B67e-B8a5
. 4327e-885
. B455e-235
. 4o@1e-88S
.@621e-D@5
. B576e-886
. 11Z27e-B86
. BE373c-086
. 5158e-086

WEFDORPRPPNOWOFOYNORENN

Figure 19. Magnitude of the magnetic induction with ferrite d=50mm
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Figure 20. Magnetic field Along the ZY axis With the field lines with ferrite d=50mm
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Consequently, when the mutual inductance is increased, flux and EMF also is in-
creased. The distribution of magnetic field lines is much more channeled and it is propa-
gated from the transmitting coil to the outside and close on the magnetic circuit (ferrite),

indicating that the ferrite material provides shielding.

5.2.Model with double shield in ferrite core and aluminum

The single shielding of the WPT model discussed above is improved in this second
section by using a double shielding where it is made by adding aluminum to the ferrite.
The simulations are conducted using an eddy current solution with a frequency of 85 kHz
and a constant current (1A) of the transmission coil. The appropriate and mutual induct-
ances are determined by varying the vertical distance (d) between the model's two coils,

as shown in figure 21.

Aluminium sheet

Ferrite

| 0 [] 0

60 (mm)
Figure 21. Magnetic coupler with a double shield

As shown in figure 22, the values of the mutual inductance and coupling coefficient

obtained using a double shield are similar to those obtained using a single shield.
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Figure 22. (a) Mutual inductance ; (b) coupling coefficient , with ferrite and a variation of d =50mm

up to

250mm.
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Although the magnetic field generated above, the vehicle's receiving coil is consid-
erably reduced by the ferromagnetic core, once the magnetic flux enters the chassis, it can
cause eddy current losses and interfere with the electrical components. Therefore, mag-
netic shielding is considered. As shown in figures 23, 24, 25 and 26, the magnetic field
above the receiver is decreased owing to the tailored aluminum foil as well as eddy cur-

rents are concentrated above the coils of the magnetic coupler.
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Figure 23. Magnitude of the magnetic induction with ferrite plus Aluminum d=50mm
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Figure 24. Magnetic field Along the ZY axis With the field lines with ferrite d=50mm
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Figure 25. (a) Magnetic field Along the ZY axis With the field lines with ferrite and Aluminum
d=50mm
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Figure 26. (a) Simulation model and eddy current density and (b) Magnetic field with/without

Aluminum sheet (Yellow: Litz coil, green: ferrite cores, and dark grey : Aluminum sheet).

6. Conclusions

In this article, three cases of magnetic coupling between two identical rectangular
spiral coils with the same number of turns depending on both the horizontal (X axis) and
vertical (Z axis) alignment were studied in order to optimize the power supply for electric
vehicle (EV) charging. The obtained results show that the primary and secondary self-
inductances are constant and independent of the distance between the two coils, in the
same time the magnetic coupling is enhanced by the higher mutual achieved across a
shorter distance where the estimated (5 uH) and simulated (6.3 pH) self-inductances val-
ues are very close. Furthermore, the obtained results from the distribution of the magnetic
field have shown that the line of the field is outside the area between the two coils which
requires an effective shielding. Consequently, after the insertion of the ferrite which is a
high permeability magnetic material, the coupling coefficient is improved. However, the
first shielding remains insufficient. On the other side, the insertion of aluminum has
shown more effective and sufficient shielding without the coupling coefficient changing.
As a perspective to the work presented in this paper, the obtained results can be enhanced

and experimentally validated by using other materials and shapes.
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